The effects of ALS on bone homeostasis are poorly understood. Results: ALS mice with muscle atrophy have reduced bone mass associated with multiple impairments of osteoblast properties and striking acceleration of osteoclast formation in bone. Conclusion: Abnormal bone remodeling results in dramatic bone loss during the progression of muscle atrophy in ALS mice. Significance: This study may help to define therapeutic targets for ALS patients. marrow stromal cell. RT-qPCR, quantitative real-time RT-PCR; TRAP, tartrate-resistant acid phosphatase; MNC, multinucleated cells; Oc.S/BS, osteoclast surface/bone surface; Oc.N/BPm, osteoclast numbers/bone perimeter; CTX, C-terminal telopeptide of type 1 collagen; BMM, bone marrow-derived macrophage.
There is an intimate relationship between muscle and bone throughout life. However, how alterations in muscle functions in disease impact bone homeostasis is poorly understood. Amyotrophic lateral sclerosis (ALS) is a neuromuscular disease characterized by progressive muscle atrophy. In this study we analyzed the effects of ALS on bone using the well established G93A transgenic mouse model, which harbors an ALS-causing mutation in the gene encoding superoxide dismutase 1. We found that 4-month-old G93A mice with severe muscle atrophy had dramatically reduced trabecular and cortical bone mass compared with their sex-matched wild type (WT) control littermates. Mechanically, we found that multiple osteoblast properties, such as the formation of osteoprogenitors, activation of Akt and Erk1/2 pathways, and osteoblast differentiation capacity, were severely impaired in primary cultures and bones from G93A relative to WT mice; this could contribute to reduced bone formation in the mutant mice. Conversely, osteoclast formation and bone resorption were strikingly enhanced in primary bone marrow cultures and bones of G93A mice compared with WT mice. Furthermore, sclerostin and RANKL expression in osteocytes embedded in the bone matrix were greatly up-regulated, and ␤-catenin was down-regulated in osteoblasts from G93A mice when compared with those of WT mice. Interestingly, calvarial bone that does not load and long bones from 2-month-old G93A mice without muscle atrophy displayed no detectable changes in parameters for osteoblast and osteoclast functions. Thus, for the first time to our knowledge, we have demonstrated that ALS causes abnormal bone remodeling and defined the underlying molecular and cellular mechanisms.
Amyotrophic lateral sclerosis (ALS) 3 is a fatal neurological disease characterized by death of motor neurons and progressive muscle atrophy. ALS is epidemiologically classified into two forms, sporadic and familial ALS. Ninety percent of cases of ALS are sporadic ALS with the remaining 10% being familial ALS (1) . Both sporadic and familial ALS manifest similar pathological and clinical phenotypes, suggesting that different initiating causes lead to a mechanistically similar neurodegenerative pathway. Mutations in the gene that encodes the superoxide dismutase 1 (SOD1) are linked to ALS (1-3), although it remains unclear how mutations in the SOD1 gene cause motor neuron degeneration. Mouse models expressing ALS-linked SOD1 mutations effectively recapitulate many features of the human disease and have been extensively used to investigate pathogenic mechanisms of ALS (4) . The initial clinical symptoms of ALS may be subtle. However, as ALS progresses, muscle weakness and atrophy become severe and lead to death from respiratory failure usually within 3-5 years from the onset of symptoms. There is currently no cure for ALS. A better understanding of molecular mechanisms underlying the pathogenesis of ALS would help to define potential new therapeutic targets for treating this catastrophic disease.
A spatiotemporal association between muscle and bone is observed throughout growth, development, and aging (5) (6) (7) (8) (9) . Skeletal muscle loading provides a primary source of anabolic mechanical stimuli for bone (8 -12) . Conversely, skeletal unloading results in significant bone loss (12) (13) (14) . Mechanical signals exert important influences on bone cells (12, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Osteocytes embedded in the bone matrix are thought to coordinate osteoblast and osteoclast activity in response to mechanical stimuli, translating mechanical strain into biochemical signals that ultimately regulate bone remodeling (i.e. bone resorption and formation) (9, 17-21, 25, 26) . Accumulative evidence suggests that Wnt/␤-catenin signaling plays a critical role in mediation of the mechanical regulation of bone homeostasis (17) (18) (19) (20) (21) 25) . Osteocyte-derived sclerostin, which is encoded by the Sost gene (27) , can be induced by mechanical unloading and inhibits Wnt/␤-catenin signaling in osteoblasts (12, 28, 29) . These studies suggest that Wnt/␤-catenin signaling is an integral part of the mechanotransduction cascade in bone. In addition, muscle is an important, local source of growth factors for bone. Muscle produces osteogenic growth factors, such as fibroblast growth factor (FGF-2) and insulin-like growth factor (IGF-1) (30, 31) . Furthermore, muscle can provide musclederived osteogenic stem cells (30, 32, 33) .
Clinically, osteopenia and fractures are common in patients with muscular atrophy (34 -37) . For example, patients with Duchenne muscular dystrophy, which is due to a mutation in the gene encoding the dystrophin protein, have reduced bone mass and are at risk for fractures (34, 35) . Similarly, patients affected by spinal muscular atrophy show decreased bone mineral density (38) . Collectively, these observations suggest that muscle atrophy in disease may impair bone integrity. The aim of this study was to determine whether, and how, bone homeostasis is impaired in a G93A ALS mouse model during the progression of muscle atrophy.
EXPERIMENTAL PROCEDURES
Reagents-Tissue culture media and fetal bovine serum (FBS) were obtained from Thermo Scientific HyClone (Logan, UT). Alizarin red, cetylpyridinium chloride, L-ascorbic acid, and ␤-glycerophosphate were purchased from Sigma, recombinant human macrophage colony stimulating factor and RANKL were from R&D Systems (Minneapolis, MN), and the BrdU immunostaining kit was from Invitrogen. All other chemicals were of analytical grade.
G93A Transgenic Mice-G93A transgenic mice expressing a G93A mutant form of human SOD1 in a C57B6XSJL background have been previously described (39, 40) . Two-monthold (without muscle atrophy) and 4-month-old (with severe muscle atrophy) G93A female mice and their sex-matched littermate controls (hereinafter referred to as WT) were used in this study. All animals were bred and housed in the same facility at Rush University Medical Center. Mice were fed standard rodent chow and water ad libitum in sterile cages with a 12-h light/dark cycle. We used only female mice in this study; male G93A mice were saved for breeding to maintain the G93A colony because female G93A mice are infertile. All research protocols were approved by the Institutional Animal Care and Use Committee of Rush University Medical Center, where this study was conducted.
Bone Morphometric Analyses by Micro-computerized Tomography (CT)-After sacrifice, mouse femurs were isolated and fixed in 70% ethanol for 2 days. Non-demineralized femurs from each group were scanned and measured by CT (CT35, SCANCO Medical AG, Wayne, PA) with an isotropic resolution of 7.0 m following the standards of techniques and terminology recommended by the American Society for Bone and Mineral Research (41) . For trabecular bone parameters, transverse slices were obtained in the region of interest in the axial direction from the trabecular bone 0.1 mm below the growth plate (bottom of the primary spongiosa). Contours were defined and drawn close to the cortical bone. The trabecular bone was then removed and analyzed separately. A three-dimensional analysis was performed on 250 trabecular bone slices. A 1.75-mm section was used to obtain mid-femoral cortical bone thickness. The analysis of the specimens involved the following bone measurements: bone volume fraction/total tissue volume (BV/TV, %), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), and cortical thickness (Cort.Th).
Bone Sample Processing, Bone Histology, and Immunohistochemical (IHC) Staining-After euthanasia, WT and G93A mice tibiae were fixed in 10% formalin at 4°C for 2 days, decalcified in 10% EDTA (pH 7.4) for 3 weeks, and embedded in paraffin. 5-m bone sections were stained with toluidine blue. Osteoblast surface/bone surface and osteoblast numbers/bone perimeter of trabecular bones were measured using Image Pro Plus 7.0 software (Rockville, MD). For IHC, 5-m sections of tibiae were stained with antibodies against Runx2 (ab102711; Abcam, Cambridge, MA), osterix (Osx) (ab22552; Abcam), osteocalcin (Ocn) (sc-30044; Santa Cruz, Santa Cruz, CA), ␤-catenin (9562S; Cell Signaling, Beverly, MA), RANKL (sc-9073; Santa Cruz), or control IgG using the EnVision ϩ System-HRP (Dako North America, Inc., Carpinteria, CA) as previously described (42, 43) . Approximately 6 -8 sections were obtained from each sample, and the same region was analyzed from all samples.
Mineralization Apposition Rate (MAR), Mineralizing Surface per Bone Surface (MS/BS), and Bone Formation Rate (BFR)-MAR, MS/BS, and BFR were measured after the guidelines recommended by the American Society for Bone and Mineral Research (44) . Briefly, mice were injected intraperitoneally with calcein (20 mg/kg) at days 6 and 2 before sacrifice. After CT analyses, non-demineralized femurs were embedded using an Osteo-Bed Bone Embedding kit (EM0200; Sigma) and sectioned at 5 m. Calcein labeling was visualized using EVOS fl microscopy (Life Technologies, Carlsbad, CA). Metaphyseal trabecular bones protruding into the bone marrow area and diaphyseal cortical bones were evaluated, and the distance between the double-labeled bands was measured using Image Pro Plus 7.0 software (Rockville, MD). The MAR was calculated as the mean distance between the double labels divided by the number of the days between the calcein injections. The MS/BS was calculated as the percentage of bone surface exhibiting mineralizing activity. MS/BS ϭ (dLS ϩ sLS/2)/BS, where dLS is the number of double-labeled surfaces, and sLS is the number of single-labeled surfaces. The bone formation rate per bone surface (BFR/BS or BFR) is the volume of mineralized bone formed per unit time and per unit bone surface. BFR/BS is calculated as BFR/BS ϭ MAR ϫ (MS/BS).
Isolation of Bone Marrow Cells, Colony-forming Unit-Fibroblast (CFU-F) Assay, and Colony-forming Unit-Osteoblast (CFU-OB)
Assay-The long bones of the mice were isolated, and bone marrow cells were flushed with ␣-minimum Eagle's medium containing 20% FBS and 1% penicillin/streptomycin into a 100-mm dish. The cell suspension was aspirated to break up clusters of bone marrow cells and then cultured in the same medium for 8 -10 days. The CFU-F assay was performed as previously described (45) . Briefly, 1 ϫ 10 6 bone marrow cells/ well were seeded in a 6-well dish with 2 ml of complete Mesen-Cult medium (Stemcell Technologies, Vancouver, BC, Canada) for 10 days. The cell colonies were fixed with ice-cold 70% ethanol for 1 h, and stained with 0.02% Giemsa solution. The CFU-OB assay was performed as previously described (45) . Briefly, 2 ϫ 10 6 bone marrow cells were plated in a 60-mm dish with 4 ml of osteoblast differentiation medium (␣-minimum Eagle's medium containing 10% FBS, 1% penicillin/streptomycin, 50 g/ml ascorbic acid, and 5 mM ␤-glycerophosphate). Media were changed every 2 days. After 21 days, media were aspirated, and the cells were fixed with ice-cold 70% ethanol for 1 h and stained with 40 mM Alizarin red (pH 4.2) at room temperature for 10 min. Cells were rinsed 5 times with nanopure water to remove unbound Alizarin red and washed with 1ϫ phosphate-buffered saline to further remove nonspecific staining.
MTS Assay and BrdU Staining-The MTS assay was used to measure the growth of bone marrow stromal cells (BMSCs) as previously described (46) . Briefly, cells were seeded into a 96-well plate (1 ϫ 10 4 cells/well) in 100 l of proliferation medium (␣-minimum Eagle's medium containing 10% FBS and 1% penicillin/streptomycin). Cells were incubated at 37°C for 24 h to allow attachment. The media were changed every 48 h. At specified time points, 20 l of CellTitre96AQ solution reagent (Promega, Madison, WI) was added into each well and incubated for 2 h. The absorbance was recorded at 490 nm using a 96-well plate reader. The BrdU labeling reagent was purchased from Invitrogen. BrdU staining was performed using cells cultured in 8-well culture chambers (Nalgene Nunc, Rochester NY). Cells were cultured in 8-well chambers at a density of 10 5 cells/well in 400 l of proliferation medium. After 2 days, cells from each group were labeled with BrdU (1:100 dilution) overnight in the same medium. To identify actively proliferating cells, nuclei that had incorporated BrdU were detected using a BrdU immunostaining kit according to the manufacturer's instructions. BrdU-positive cells were normalized to the total cell numbers.
Quantitative Real-time RT-PCR (RT-qPCR) Analysis and Western Blot Analysis-RNA isolation and reverse transcription (RT) have been previously described (47) . RT-qPCR analysis was performed to measure the relative mRNA levels using the SYBR Green kit (Bio-Rad). Melting curve analyses were used to confirm the specificity of the PCR products. The levels of mRNA were calculated by the ddCt method. Samples were normalized to Gapdh expression as previously described (48) . The DNA sequences of primers used for RT-qPCR are summarized in Table 1 . Western blot analyses were performed as previously described (49) . Primary antibodies against Runx2 (sc-10758), Osx (sc-22538), and secondary anti-rabbit or antimouse IgG antibodies conjugated with horseradish peroxidase were from Santa Cruz. The antibody against ␤-catenin (ab6302) was from Abcam, antibodies recognizing ERK1/2 (9102), phospho-ERK1/2 (Thr-202/Tyr-204) (9101S), AKT (9272S), phospho-AKT (Ser-473) (4060S), p38 (9212), and phospho-p38 (Thr-180/Tyr-182) (9216S) were from Cell Signaling, and the mouse monoclonal antibody against ␤-actin (A2228) was from Sigma.
In Vitro and in Vivo Osteoclast Differentiation-In vitro osteoclast differentiation was performed as previously described (50) . Briefly, nonadherent bone marrow-derived macrophages (BMMs) were harvested and seeded into a 96-well plate in osteoclast proliferation medium (␣-minimum Eagle's medium containing 10% FBS and 1% penicillin/streptomycin and 10 ng/ml recombinant human macrophage colony stimulating factor (216-MC-025, R&D Systems) for 3 days, then changed into dif- MARCH 27, 2015 • VOLUME 290 • NUMBER 13
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JOURNAL OF BIOLOGICAL CHEMISTRY 8083 ferentiation medium (proliferation medium plus 50 ng/ml recombinant human RANKL (390-TN-010, R&D Systems) for 5-7 days. Cells were fixed in 10% formalin for 30 min at room temperature and then subjected to tartrate-resistant acid phosphatase (TRAP) staining as previous described (50) . TRAP-positive multinucleated cells (MNCs) per well were counted using light microscopy. The TRAP staining technique for bone sections has been previously described (50) . The osteoclast surface/bone surface (Oc.S/BS) and osteoclast numbers/bone perimeter (Oc.N/BPm) in both primary and secondary spongiosa of tibiae were measured using Image Pro Plus 7.0 software as previously described (45, 50) . Serum levels of CTX (C-telopeptide), degradation products from type I collagen during osteoclastic bone resorption, were measured using the RatLaps EIA kit according to the manufacturer's instructions (AC-06F1; Immunodiagnostic Systems Ltd., Scottsdale, AZ) as previously described (47).
Statistical Analysis-The data were analyzed using GraphPad Prism software (4.0) (San Diego, CA). A one-way analysis of variance analysis was used followed by the Tukey test. Student's t test was used to test for differences as needed. Results are expressed as the mean Ϯ S.D. Differences with a p Ͻ 0.05 are considered statistically significant. All in vitro experiments were repeated at least three times.
RESULTS

Four-month-old G93A Mice with Severe Muscle Atrophy Have Reduced Trabecular and Cortical Bone Mass with
Impaired Osteoblast Function-For this study, we used a G93A ALS mouse model that globally expresses the SOD1 G93A mutant protein (51) . G93A mice displayed muscle weakness and atrophy starting at around 3 months of age that worsened over time. The majority of these mice died at around 5 months of age due to respiratory failure. To examine whether bone integrity is impaired in ALS mice, we performed quantitative CT analyses of femur histomorphometric parameters in 4-month-old G93A female mice compared with their sexmatched WT littermates. The results showed that G93A mice had reductions in both trabecular and cortical bones. Specifically, bone parameters that decreased significantly compared with WT were BV/TV by 52.3% (p ϭ 0.000022), Tb.N by 24.1% (p ϭ 0.00026), Tb.Th by 27.3% (p ϭ 0.00016), and Cort.Th by 17.4% (p ϭ 0.0066); in contrast, Tb.Sp was significantly increased by 28.4% (p ϭ 0.00019) ( Fig. 1, A-F) . Toluidine bluestained tibial sections of the two genotypes revealed significant reductions in osteoblast surface/bone surface (p ϭ 0.00059) and osteoblast numbers/bone perimeter (p ϭ 0.00019) in G93A mice (Fig. 1, G-I) . Results from calcein double-labeling show that the MAR, MS/BS, and BFR, all indicators of in vivo osteoblast function, were significantly reduced in G93A mice in femur metaphyseal trabecular bones (MAR, p ϭ 1.40E-06; MS/BS, p ϭ 0.0049; BFR, p ϭ 1.64E-05) and femur diaphyseal cortical bones (MAR, p ϭ 1.42E-08; MS/BS, p ϭ 0.028; BFR, p ϭ 3.5E-06 ( Fig. 1, J-P) . Collectively, these results demonstrate that osteoblast function is severely impaired, resulting in an osteopenic phenotype in G93A mice with muscle atrophy.
Osteoblast Differentiation Is Suppressed in Primary Cultures and Bones of 4-Month-old G93A Mice-To determine whether osteoblast differentiation is impaired in ALS mice, primary BMSCs were isolated from 4-month-old G93A and WT mice and differentiated in the presence of ascorbic acid. Alkaline phosphatase activity, an early marker of osteoblast differentiation, was markedly reduced from WT levels in G93A cultures ( Fig. 2A) . RT-qPCR analysis showed decreased expression of osteoblast differentiation marker genes, including those encoding Runx2, Osx, type I collagen (Col1a1), bone sialoprotein (Bsp), alkaline phosphatase, activating transcription factor 4 (Atf4), and Ocn, in G93A mice compared with WT mice (Fig.  2B) . In contrast, the mRNA levels of CCAAT enhancer binding proteins ␤ (Cebp␤), adipocyte protein 2 (Ap2), and peroxisome proliferator-activated receptor ␥ (Ppar␥), all adipogenic differentiation markers, were not significantly altered in G93A cultures compared with WT cultures (Fig. 2B) . Western blot analyses revealed reduced Runx2 and Osx proteins in G93A osteoblasts (Fig. 2C ). Alizarin red staining of the differentiated osteoblast cultures of the two genotypes showed reduced osteoblast mineralization in G93A cultures compared with WT cultures (Fig. 2, D and E) . IHC staining of tibial sections of the two genotypes showed that the levels of Runx2, Osx, and Ocn proteins were markedly decreased in osteoblasts of G93A bones compared with WT bones (Fig. 2F ). It should be noted that Runx2 and Osx expression per osteoblast were dramatically reduced in G93A bones compared with WT bones.
The Formation and Expansion of Bone Marrow Mesenchymal Stem Cells and Osteoprogenitors Are Reduced in Bone Marrow
Cultures from 4-Month-old G93A Mice-We performed CFU-F assays to measure the formation and expansion of mesenchymal stem cells in bone marrow cultures of WT and G93A mice. The results showed that the number of CFU-Fs in G93A bone marrow cultures was significantly lower than in the WT cultures ( Fig. 3, A and B) . In addition, the size of the CFU-F colonies formed in the G93A group was markedly smaller than that of WT group (Fig. 3A) . We next examined whether ALS impairs the formation and expansion of bone marrow osteoprogenitors using CFU-OB assays. The results showed that the number of CFU-OBs was dramatically reduced in G93A cultures compared with WT cultures (Fig. 3, C and D) . Impaired Cell Growth and Proliferation, Defective Activation of Akt and Erk1/2 Pathways, and Reduced ␤-Catenin in Primary BMSCs of 4-Month-old G93A Mice-The results from the MTS assays showed that the growth rate of primary BMSCs from G93A mice was significantly reduced in a time-dependent manner (Fig. 3E ). BrdU labeling experiments revealed that the proliferation of primary BMSCs from G93A mice was reduced compared with that of WT cells (Fig. 3, F and G) . Cell apoptosis, as measured by TUNEL staining, was low and not different between primary BMSC cultures of the two genotypes (data not shown). Western blot analyses showed that the levels of phospho-Akt and phospho-Erk1/2 proteins were reduced in G93A BMSCs (Fig. 3H ). No significant changes in total Akt, Erk1/2, p38, and phospho-p38 proteins were observed in G93A relative to WT BMSCs (Fig. 3H) . Interestingly, the level of ␤-catenin, which is required for mesenchymal stem cell differentiation toward the osteoblastic lineage and bone acquisition (52-54), was drastically reduced in G93A BMSCs (Fig. 3H) .
Osteoclast Formation and Bone Resorption Are Strikingly Enhanced in Primary Bone Marrow Monocyte Cultures and
Bones of 4-Month-old G93A Mice-We next evaluated osteoclast formation after the addition of exogenous RANKL to WT and G93A BMMs in vitro by measuring the number of TRAP-positive MNCs generated by each genotype. The results showed a significant increase in TRAP-positive MNCs in G93A BMMs relative to BMM cultures (Fig. 4, A and B) . Osteoclasts formed in G93A BMM cultures were considerably larger than those in WT BMM cultures, as demonstrated by dramatic increases in MNCs with Ͼ10 ( Fig. 4C ) and 30 nuclei per oste-oclast ( Fig. 4D ) in G93A cultures. RT-qPCR analysis revealed significant increases in the expression of osteoclast differentiation marker genes, including those encoding TRAP (Trap), cathepsin K (CatK), matrix metallopeptidase 9 (Mmp-9), and receptor activator of nuclear factor B (Rank) in G93A cultures (Fig. 4E) . In contrast, the mRNA level of colony stimulating factor 1 receptor (Csf1r), an early marker for osteoclast precursors and macrophages, was not increased in G93A BMM cultures ( Fig. 4E) .
We next analyzed whether osteoclast formation was increased in the bones of G93A mice. Sections of tibiae from 4-month-old WT and G93A mice were subjected to TRAP staining. The results showed that in vivo osteoclast formation was strikingly increased in G93A bones with dramatic increases in Oc.S/BS and Oc.N/BPm in both primary (Fig. 4, F-H) and secondary (Fig. 4, I-K) spongiosa areas. The level of serum C-terminal telopeptide of type 1 collagen (CTX) was significantly elevated in G93A mice relative to WT mice (Fig. 4L ), suggesting increased bone resorption in G93A mice.
Four-month-old G93A Mice Show Dramatic Increases in Sclerostin and RANKL Expression in Osteocytes Embedded in the Bone Matrix and a Decrease in ␤-Catenin Expression in Osteoblasts on Bone
Surfaces-Osteocyte-derived sclerostin, which is encoded by the Sost gene (27), has been reported to mediate the mechanical unloading induction of bone loss by inhibiting Wnt/␤-catenin signaling, a key pathway for bone acquisition (12, 28, 29) . We examined the expression of sclerostin and Wnt/␤-catenin signaling molecules in G93A and WT bones. RT-qPCR analysis showed a significant increase of sclerostin mRNA in G93A compared with WT bones (Fig. 5A ). In contrast, the mRNA levels of ␤-catenin and the upstream Lrp5 and Lrp6 Wnt coreceptors were not significantly altered in G93A compared with WT bones (Fig. 5A ). In addition, the expression of the Dmp-1 (dentin matrix protein-1) gene, a marker gene for osteocytes, was reduced in G93A bones relative to WT bones, suggesting an overall impairment of osteocyte function in G93A mice (Fig. 5A ). IHC staining of tibial sections from the two genotypes revealed an increase in sclerostin protein in osteocytes embedded in the bone matrix (Fig. 5B, top) and a decrease in ␤-catenin in osteoblasts located on trabecular bone surfaces (Fig. 5B, middle) in G93A mice. It should be noted that the ␤-catenin signal per osteoblast was markedly reduced in G93A compared with WT bones. Furthermore, the levels of RANKL mRNA and protein, a major osteoclastogenic factor, were increased in G93A bones (Fig. 5A ) and osteocytes (Fig. 5B,  bottom) relative to WT bones and osteocytes.
Calvarial Bone Is Not Affected in Four-month-old G93A Mice with Muscle Atrophy-We next sought to determine whether the calvarial bone that is not close to muscle is affected in 4-month-old G93A mice. In contrast to results from long bones, the calvarial BV/TV was not reduced in 4-month-old G93A mice compared with WT mice (Fig. 6, A and B) . Similarly, MAR, MS/BS, and BFR of calvariae were not significantly reduced in 4-month-old G93A mice compared with WT mice (Fig. 6, C-F) . Furthermore, osteoclast formation in calvarial bone was not increased in 4-month-old G93A mice (Fig. 6,  G-I) . Finally, the expression of Sost, RANKL, and ␤-catenin was not markedly altered in 4-month-old G93A versus WT calvariae ( Fig. 6J) .
Two-month-old G93A Mice without Muscle Atrophy Have Normal Bone Mass with No Detectable Impairment in Osteoblast and Osteoclast Functions-We sought to determine whether the skeletal impairment occurred before muscle atrophy by analyzing the skeletal phenotypes of 2-month-old G93A female mice that did not show any muscle atrophy. CT analyses of femurs of these mice revealed no significant alterations in BV/TV, Tb.N, Tb.Th, Tb.Sp, or Cort.Th compared with their sex-matched WT littermates (Fig. 7, A-F) . There were no significant changes in MAR, MS/BS, and BFR in both metaphyseal CFU-Fs from each group were quantified. *, p Ͻ 0.05 (versus WT). Experiments were repeated three times in triplicate. C and D, CFU-OB assay. 2 ϫ 10 6 bone marrow nucleated cells from 4-month-old WT and G93A female mice were cultured in osteoblast differentiation media for 21 days followed by Alizarin red staining. The number of CFU-OB colonies was quantified. *, p Ͻ 0.05 (versus WT). Experiments were repeated three times in triplicate. E, MTS assay. Primary BMSCs from 4-month-old WT and G93A female mice were seeded at a density of 1 ϫ 10 4 /well in 96-well plates in proliferation media. MTS assays were performed on days 0, 2, 4, 6, and 8 as indicated. *, p Ͻ 0.05 (versus WT). Experiments were repeated three times in quadruplicate. F and G, BrdU labeling. Primary BMSCs from 4-month-old WT and G93A female mice were seeded at 10 5 cells/well in 8-well chambers and cultured in proliferation media for 2 days followed by BrdU staining. Experiments were repeated three times in quadruplicate. H, Western blot analysis. Primary BMSCs from 4-month-old WT and G93A female mice were plated at a density of 4 ϫ 10 5 /dish in 35-mm dishes and cultured in proliferation media for 2 days. Experiments were repeated three times.
FIGURE 4. Osteoclast formation is enhanced in primary BMM cultures and in bones of 4-month-old G93A mice with muscle atrophy.
A-D, in vitro osteoclast formation. Primary BMMs isolated from 4-month-old wild type (WT) and G93A female mice were differentiated with macrophage colony stimulating factor (M-CSF) (10 ng/ml) and RANKL (50 ng/ml) for 5 days followed by TRAP staining. TRAP-positive MNCs (B, Ն3 nuclei; C, Ն10 nuclei; D, Ն30 nuclei) per well were scored (B-D). *, p Ͻ 0.05 (versus WT). Experiments were repeated three times with six samples per group. E, RT-qPCR analysis. Primary BMMs were differentiated for 5 days followed by RT-qPCR analysis using primers for Trap, Cat K, Mmp9, Rank, and Csf1r. Gapdh mRNA was used as internal control. *, p Ͻ 0.05 (versus WT). Experiments were repeated three times in quadruplicate. F-K, in vivo osteoclast formation. Tibial sections of 4-month-old WT and G93A female mice were stained for TRAP activity. Arrowheads indicate osteoclasts on trabecular surfaces. Quantitative data of Oc.S/BS (G and J) and Oc.N/BPm (H and K) in primary (F-H) and secondary (I-K) spongiosa. *, p Ͻ 0.05 (versus WT), n ϭ 7. L, serum C-terminal telopeptide of type 1 collagen (CTX) assay. Serum CTX levels were assayed. *, p Ͻ 0.05 (versus WT), n ϭ 7. CatK, cathepsin K; Mmp9, matrix metallopeptidase 9; Rank, receptor activator of nuclear factor B; Csf1r, colony stimulating factor 1 receptor. trabecular bones and diaphyseal cortical bones in 2-month-old G93A mice (Fig. 7, G-M) . In vitro osteoclast formation induced by exogenously supplied recombinant human RANKL in primary BMM cultures from 2-month-old G93A mice was not different from that of WT BMM cultures (Fig. 7, N and Q) . Finally, in vivo osteoclast formation was not enhanced in 2-month-old G93A bones ( Fig. 7, P-Q) . Collectively, these results indicate that both osteoblast and osteoclast functions are intact in 2-month-old G93A mice without muscle atrophy.
DISCUSSION
This study is the first systematic investigation of skeletal phenotypes during the progression of muscle atrophy using a wellestablished ALS mouse model with an ALS-causing mutation in the gene encoding superoxide dismutase 1 (SOD1 G93A ). We have discovered severe bone defects in the G93A ALS mice. We found that 4-month-old G93A ALS mice with severe muscle atrophy have reduced bone mass associated with accelerated osteoclast formation and bone resorption and suppressed osteoblast function and bone formation. We further found that 2-month-old G93A ALS mice without muscle atrophy have normal bone mass compared with WT control mice. These findings suggest that abnormal bone remodeling causes dramatic bone loss during the progression of muscle atrophy in ALS.
One important finding of the present study is our demonstration of multiple severe defects in osteoblasts and their precursors in the G93A ALS mice with muscle atrophy. The formation and expansion of mesenchymal stem cells and osteoprogenitors are impaired in G93A mice; this could eventually reduce the numbers of osteoblasts and suppress bone formation. Osteoblast differentiation is also suppressed in G93A FIGURE 5 . Sclerostin and RANKL expression in osteocytes in the bone matrix are up-regulated and ␤-catenin expression in osteoblasts on bone surfaces is down-regulated in 4-month-old G93A mice with muscle atrophy. A, RT-qPCR analysis. Total RNA isolated from 4-month-old WT and G93A female tibiae were subjected to RT-qPCR analysis using primers for Sost, Lrp5, Lrp6, Dmp-1, Rankl, and ␤-Cat. Gapdh mRNA was used as internal control. *, p Ͻ 0.05 (versus WT). Experiments were repeated three times in quadruplicate. B, immunohistochemistry. 5-m tibial sections from 4-month-old WT and G93A female mice were stained with antibodies against sclerostin (top), ␤-catenin (middle), and RANKL (bottom) or a control IgG (left panels). Sclerostin-, ␤-catenin-, and RANKL-positive cells were stained brown (see arrowheads), and negative cells were stained blue. Note: transverse tibial sections (top and bottom) were used to show sclerostin and RANKL expression in osteocytes embedded in the bone matrix, and longitudinal tibial sections (middle) were used to display ␤-catenin expression in osteoblasts on trabecular bone surfaces. Sost, sclerostin; Lrp5, low density lipoprotein receptor-related protein 5; Dmp-1, dentin matrix acidic phosphoprotein 1; RANKL, receptor activator of nuclear factor B ligand; ␤-Cat, ␤-catenin. FIGURE 6. Calvarial bone is not affected in four-month-old G93A mice with severe muscle atrophy. A and B, H&E staining. Sections of calvarial bones from 4-month-old G93A and WT female mice were subjected to H&E staining. BV/TV was measured (B). *, p Ͻ 0.01 (versus WT), n ϭ 9 for both WT and G93A. C-F, MAR, MS/BS, and BFR assays. Sections of non-demineralized calvariae of the two genotypes were used for MAR, MS/BS, and BFR assays. Magnification: 40ϫ. Quantitative MAR, MS/BS, and BFR data (D-F). p Ͼ 0.05 (versus WT), n ϭ 9 for both WT and G93A. G-I, TRAP staining. Calvarial sections of 4-month-old WT and G93A female mice were stained for TRAP activity. Quantitative data of Oc.S/BS and Oc.N/BPm (I) are shown. p Ͼ 0.05 (versus WT), n ϭ 7. J, immunohistochemistry. 5-m calvarial sections from 4-month-old WT and G93A female mice were stained with antibodies against sclerostin (top), ␤-catenin (middle), and RANKL (bottom) or a control IgG (left panels). Sclerostin-, ␤-catenin-, and RANKL-positive cells were stained brown, and negative cells were stained blue.
mice. Several potential molecular mechanisms may be involved in the inhibition of osteoblast function and bone formation in G93A mice. First, the defective activation of the AKT pathway could impair osteoblast survival, proliferation, and differentiation (55) . Second, the reduced ␤-catenin in BMSCs and osteoblasts in G93A mice could inhibit mesenchymal stem cell dif- ferentiation toward the osteoblast lineage as well as bone acquisition (52) (53) (54) . Finally, the defect in the activation of the ERK/MAPK pathway in G93A BMSCs could negatively impact Runx2 activity and osteoblast differentiation (56 -58) . Together, these defects would contribute greatly to the reduced bone formation observed in ALS mice.
Another important finding from this study is the demonstration that osteoclast formation and bone resorption are strikingly enhanced in G93A mice with muscle atrophy. In vitro osteoclast formation induced by exogenously supplied recombinant human RANKL protein is stimulated in primary G93A BMM cultures, which suggests intrinsic activation of the osteoclast differentiation program in G93A mice. In addition, increased RANKL expression in G93A osteocytes (Fig. 5B) , which was recently shown to be a major source of RANKL and to play a critical role in promotion of bone resorption (59, 60) , may partially contribute to the accelerated osteoclast formation and bone resorption in G93A mice. Interestingly, Rufo et al. (34) reported a similar acceleration of osteoclast formation and bone resorption in dystrophic MDX mice with muscle atrophy. Furthermore, Warner et al. (61) showed that muscle paralysis in mice induced by administration of botulinum toxin A (Botox) rapidly degrades bone primarily by bone resorption. Collectively, these studies suggest that muscle-generated mechanical force may play a critical role in inhibition of osteoclast formation and bone resorption.
Previous studies have demonstrated that osteocyte-derived sclerostin binds to LRP5/6 receptors and inhibits Wnt signaling and, thereby, bone formation (28, 62) . Furthermore, mice with a loss-of-function mutation in Lrp5 failed to respond anabolically to mechanical stimulation (63) . In contrast, mechanical loading using a rodent ulna loading model was shown to reduce sclerostin expression, particularly in high strain regions of the bone (12) . Results from our study suggest that sclerostin induced by muscle atrophy in osteocytes inhibits osteoblast function and bone formation, probably by down-regulating the Wnt/␤-catenin pathway in ALS mice.
Although results from the present study strongly support our hypothesis that skeletal unloading caused by muscle atrophy plays a critical role in mediation of ALS-induced bone loss, there are several other possibilities that could contribute to the skeletal phenotypes of the mutant mice. First, there could be a direct effect of the mutant SOD1 G93A protein expression on bone cells. A recent study showed that cytoplasmic reactive oxygen species and SOD1 regulate bone mass during mechanical unloading (64) . It will be interesting to determine the direct effect of bone-specific transgenic overexpression of SOD1 G93A mutant protein on bone in the future. Second, the reduced production of muscle-derived osteogenic factors, such as FGF-2 and IGF-1 (30, 31) , and third, the lack of physical activity and/or altered feeding habits of the mutant mice, could negatively impact bone homeostasis. The fact that calvarial bone, which is not in close proximity to muscle, is not affected in 4-month-old ALS mice suggests that bone loss in ALS mice is not caused by a paracrine or systemic defect. This study provides guidance for future studies to identify potential therapeutic targets for alleviating muscle atrophy and bone loss in ALS.
